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ABSTRACT 
Woodley, Christopher L. M.S., Purdue University, May 2013. Predicting Spring 
Emergence in a Northern Population of the Eastern Box Turtle (Terrapene c. carolina). 
Major Professor: Bruce A. Kingsbury. 
Despite broad research into the physiological adaptations that animals use to 
survive the winter there are still relatively few tools available to predict when animals 
become active. This is true of many reptiles in which important aspects of their life 
history are poorly understood. Research that better describes these events is important 
because reptiles are quickly declining throughout the world. Through an increased 
understanding of when these animals become active it should be possible to better plan 
anthropomorphic activities to mitigate human impacts on remaining wild populations. 
Turtles are especially vulnerable to human activities since small rates of adult annual 
mortality can lead to the loss of populations.  
Eastern Box Turtles, Terrapene c. carolina, can serve as a model organism for 
this group as they are long lived, and many aspects their biology are well understood. 
Box turtles were once common throughout eastern North America but are rapidly 
declining across their known range despite their ability to successfully use a variety of 
habitats and food resources. Major threats to this species include habitat loss, and human 
induced mortality caused by roads and pet collection. Even some activities, such as 
ix 
prescribed burns which are used in an effort to restore habitats, can cause direct mortality 
and population declines. The over-wintering biology of box turtles may present an 
opportunity to mitigate the impacts of human activities on this species because these 
animals seek refuge from winter by digging burrows. Previous work has demonstrated 
that underground turtles are protected from surface activities such as fire. 
In order to determine when turtles emerge, becoming vulnerable to surface 
activities, and which environmental variables can be used to predict behavior, 
temperature loggers were deployed. Devices were attached the carapaces of monitored 
animals, as well as, at varying soil depths near to where animals over-wintered. As 
ectotherms box turtles are obligated to their environment for thermal energy and to 
regulate metabolic activity. Because of their close association with the ground in winter, 
the temperature of the soil is likely key to determining when these animals can become 
active. Soil temperatures were found to better determine when turtles became active than 
either date or air temperatures. In addition, turtles were found to consistently surface 
prior to fully emerging in spring and that both of these events could be described using 
soil temperatures. Surfacing was best described by sub-surface surface soil temperatures 
while surface soil temperatures were best able to determine emergence.  
Because shell temperatures and average soil temperatures would be practically 
difficult to measure in most populations of Eastern Box Turtles, a method using growing 
degree days is reported here in place of direct measures of temperature to predict spring 
behavior. Growing degree days have long been used in agriculture to determine when to 
plant and harvest crops. Recently they have been used with other ectotherm groups, fish 
and invertebrates, to accurately predict growth and different life stages. In this study we 
x 
found that GDD could be used to accurately determine when box turtles become active. 
This is a novel approach for reptiles, and may be useful for determining when other 
herpetofauna become active in spring.   
1 
INTRODUCTION 
Anthropomorphic changes to the landscape often fragment habitats, creating 
islands which are at increased risk of degradation and losses in biodiversity (Simberloff 
and Abele 1982, Fahrig and Merriam 1985, Wilcox and Murphy 1985, Reed 2004). In an 
effort to minimize or reverse the effects of a fragmented landscape, many areas are being 
increasingly managed in an attempt to conserve them (May 1994, Carey 2003, Foley et 
al. 2005, Locke and Francis 2012). However, the effects of management activities on 
wildlife may not be completely understood, especially for those actions that can have a 
broad range of impacts on an area (Walters 1978, Marshall et al. 1998, Russel et al. 
1999). Because it would be difficult, if not impossible, to meet the needs of all organisms 
when planning ecosystem management, it is practical to focus on the species that are 
impacted most by human activities (Carignan and Villard 2002). This is especially 
important if the goal of management is to preserve or increase biodiversity.  
Reptiles often lack the mobility and behaviors that other groups of animals use to 
evade human activities, and therefore may be among the most vulnerable to 
anthropomorphic changes in the landscape (Gibbons 2000). This is especially true of 
turtles that rely heavily on defense versus the ability to escape. The Eastern Box Turtle 
(Terrapene carolina carolina) could potentially serve as a vulnerable model species.  
Eastern Box Turtles were once common throughout the eastern United States, but are 
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becoming increasingly rare as human development continues to encroach on remaining 
habitat (Harding 1997). They are long-lived in nature with very high survivorship, often 
remaining reproductively active well into their sixties and beyond (Wilson and Ernst 
2005). Nests and juveniles of this species experience very high mortality, making it 
necessary for adult animals to reproduce over many years if a population is to remain 
viable (Congdon et al. 1993, Harding 1997). Its life history strategy, high degree of 
habitat fragmentation, and greatly increased risk of human induced mortality make box 
turtles sensitive to the activities of land managers within their remaining natural range. 
Eastern Box Turtles in temperate climates make burrows over the course of winter 
(Congdon 1989, Grobman 1990, Gibson 2009). This behavior could afford them 
protection if potentially hazardous anthropogenic surface activities occur when they are 
underground.  However, spring conditions often vary greatly in the Midwest, which 
makes it difficult to anticipate a date when overwintering animals will become active. 
Like other turtle species box turtles are ectothermic, depending on ambient temperature 
for metabolic energy (Brattstrom 1965, Dunham 1989, Penick et al. 2002).  Because of 
this reliance on local temperatures, and because hibernating turtles are often located 
below ground or under leaf litter, which would obscure or block sunlight, it is probable 
that body temperature and the local soil temperature strongly influence when these 
animals can become active. Ground temperature, if successfully tied to behavior, might 
provide an accurate means to predict animal emergence and be useful to managers who 
wish to mitigate the effects that management activities have on this species.   
Here I explore the thermal biology of the Eastern Box Turtle as it emerges from 
over-wintering burrows and present a model for predicting when turtles become active in 
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spring. The population that I studied is found near the northern limit of this species’ range 
and is likely to represent a population of animals that is undergoing strong selective 
pressure to emerge from winter refuges under a definable range of conditions. Turtles 
must emerge under conditions that minimize the risk of being exposed to harsh winter 
weather, while maximizing the amount of time that animals can be active for the year 
(Carpenter 1953, Brattstrom 1965, Grobman 1990, Claussen et al. 1991, Harding 1997, 
Blouin-Demers et al. 2000). Because of this likely selective pressure,  northern 
populations of turtles should follow a more consistent pattern of over-wintering behavior 
than has been observed for this species in more southern portions of its range (Congdon 
et al. 1989). By developing a better understanding of T. carolina’s over-wintering 
behavior, it should be possible to gain insight into the over-wintering strategies used by 
other ectotherms because they share a reliance on environmental thermal energy to 
become active.  
Such thermal models exist for plants because many are of economic interest 
(Yang et al. 1995, McMaster and Wilhelm 1997). Like ectothermic animals plants rely on 
external sources of thermal energy to drive their metabolism (Kooke and Keurentjes 
2012). Therefore, models of  growing degree days (GDD), which rely on the availability 
of energy in the environment, can likely apply for other ectotherms as well. Research 
using fishes has demonstrated the usefulness of using growing degree days to accurately 
predict animal life stages or growth (Neuheimer and Taggart 2007, Jessop 2010). In this 
work it was found that a GDD model was as valuable, and sometimes better, than more 
sophisticated growth models. In chapter 2 I present evidence to support using GDD to 
predict the emergence of Eastern Box Turtles from over-wintering refuges. It is likely 
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that this novel approach for reptiles can be used to accurately determine when other 
herpetofauna become active in spring, and may have the potential to define when other 
important annual behaviors occur.   
5 
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THERMAL CONDITIONS THAT DETERMINE SPRING EMERGENCE IN A 
NORTHERN POPULATION OF EASTERN BOX TURTLES (Terrapene c. carolina) 
Introduction 
Overwintering strategies used by ectotherms in temperate zones are a vital aspect 
of a species’ life history and influence when and how active an animal can be throughout 
the year (Carpenter 1953, Karmanova 1995, Harding 1997, Voituron et al. 2002, Harvey 
and Weatherhead 2006, Ultsch 2006). This is particularly true of many reptiles which are 
physiologically unable to remain active during cold winter months or unable to respond 
to disturbances which they could normally avoid during warmer months (Huey and 
Stevenson 1979, Dunham 1989). However, for certain species winter dormancy may 
provide protection from anthropogenic activities because dormant individuals are in 
refuges, including burrows and other structures.   
Eastern box turtles deserve special attention because their unique life histories 
make it especially important to avoid adult mortality. The Eastern Box Turtle was once 
common throughout the eastern United States, but like many herpetofaunal species it is 
quickly declining across its known range (Gibbons 2000). Most turtles develop slowly, 
often requiring 10-15 years to reach sexual maturity, while also experiencing high nest 
and juvenile mortality (Stickel 1978, Stuart and Miller 1987, Williams and Parker 1987, 
Congdon et al. 1993, Congdon 1994, Harding 1997, Wilson and Ernst 2005, Nazdrowicz 
et al. 2008).  Thus it is especially important for adult turtles to have high annual survival 
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rates and remain reproductively active throughout their long lives. In other long-lived 
turtles a small annual mortality can lead to the loss of a population (Congdon et al. 1993). 
Turtles are especially vulnerable to human activities because of this population 
characteristic. Even the actions of land managers which often work to protect or restore 
the environment can cause significant adult mortality (Ernst et al. 1995, Dodd et al. 1997, 
Gibson 2009). This is  likely due to the limited mobility of terrestrial turtles that, makes 
them especially vulnerable to burns and heavy machinery (Harding 1997).   
The overwintering strategy of T. carolina in northern climates may provide an 
opportunity to minimize adult mortality from surface activities, as box turtles tend to 
burrow into the ground to escape harsh winter conditions (Congdon 1989, Claussen et al. 
1991, Gibson 2009). Spring emergence for this species likely occurs in two stages 
(Grobman 1990, Gibson 2009). Overwintering turtles approach the entrance of burrows 
during initial warm periods in spring without actually emerging, and then leave burrows 
and become active after spring temperatures stabilize. To simplify the discussion of this 
behavior here, I will use “surfaced” to refer to an animal that has moved to ground level 
and may partly come out of its overwintering burrow, but would most likely retreat into 
the ground if temperatures cool.  An animal that has left its overwintering burrow and has 
begun to make regular movements above ground will be said to be “emerged.” This 
distinction has important implications for managers as turtles that have not yet surfaced 
will have greater protection from surface impacts, while those animals that have surfaced 
will be at greater risk of injury. Emerged individuals are presumably even more 
vulnerable than surfaced ones.   
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For turtles to benefit from the protection of burrows, managers must be able to 
anticipate when turtles will become active. Research is needed to provide insight into the 
biological processes which drive spring emergence from winter refuges. To accomplish 
this, it is necessary to determine which environmental variables are the most likely to 
influence behavior. Like other ectotherms box turtles mostly take on the temperature of 
their surroundings and regulate it behaviorally by choosing among available temperatures  
in their environment (Boyer 1965). In northern climates thermal energy is often limited 
throughout the year and restricts ectotherms in these regions to intermittent external 
sources of energy to sustain metabolic activities. This is usually accomplished by 
maximizing opportunities to thermo regulate while avoiding temperature conditions that 
would be lethal (Carpenter 1953, Brattstrom 1965, Grobman 1990, Claussen et al. 1991, 
Harding 1997, Blouin-Demers et al. 2000). Because available thermal energy is limited, 
body temperature should be a strong predictor of behavior in temperate climates. 
Although it would be difficult to precisely predict an animal’s body temperature at any 
given point during the course of the year, it is likely that thermal models can be used to 
accurately predict important stages or events in the life history of many reptiles, including 
the Eastern Box Turtle.   
As part of a larger study to understand the impacts of prescribed fire on a 
population of T. carolina in Southwest Michigan, I explored their thermal biology during 
winter and spring to determine the conditions in which these animals become active. This 
was done in part to assess the means by which managers could reduce the impact of 
prescribed fire on this species. Over the course of Gibson’s (2009) study and my own 
work, opportunistic captures of animals that were not actively monitored implied that a 
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significant number of Box Turtles had been injured or killed by prescribed fires since the 
management practice was introduced in 2003. By understanding which environmental 
variables influence behavior, it may be possible to mitigate the impacts of surface 
activities on this species. Here I report results obtained from thermal data loggers to 
predict when Eastern Box Turtles become active. In addition, burned and unburned 
animals were compared to test if injury caused a change in behavior.  
Methods 
Study Area 
The study was conducted at the Fort Custer National Guard training facility in 
southwest Michigan.  This 7,540 acre property contains roughly 5,000 acres of 
woodlands, 1,200 acres of wetlands and 1,200 acres of open prairie and old fields.  The 
military base is enclosed entirely by a tall chain link fence which separates it from a state 
park to the north, a freeway to the south, an industrial complex to the northeast and a 
residential area to the west. The site is being actively managed in part by using controlled 
burns.  The facility is closed to the general public, but is used actively by the National 
Guard and other agencies for training.   
Method of Capture and Identification 
All T. carolina that were encountered during the study were captured by hand and 
uniquely marked using a triangular file to notch the marginal scutes according to a system 
developed by Cagle (1939). Since adults are sexually dimorphic it was possible to 
accurately sex adult individuals in the field using physical characteristics. Physical 
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characters used included eye color, vent position relative to the plastron, and whether or 
not the plastron was concaved. (Harding 1997). Sex of these juveniles was determined in 
the field by a veterinarian using a probe during a visit to the field site.  Animals were 
considered to be juvenile if they had fewer than 10 annuli (Hall et al. 1999) and lacked 
complete secondary sexual characteristics.   
Since the study area was actively managed using prescribed burns it was also 
necessary to determine if animals in the study had been previously injured. Previous 
exposure to fire was determined by examining turtles for peeling scutes, significant areas 
of exposed bone, and discolored or sloughing skin. These signs of burn damage were 
found to be consistent in injured turtles after prescribed fires (this study, and Gibson 
2009). Previous exposure to fire was important to consider since significant fire-related 
injuries were found to alter movement patterns of T. carolina (Gibson 2009) and could 
potentially affect when these animals emerged in spring.  
Radio Telemetry 
I tracked movements of individual animals using RI-2BT radio transmitters 
(Holohil Systems Ltd.) and a radio receiver (R-1000 Telemetry Receiver, 
Communications Specialists, Inc.). Transmitters were attached to the rear of the carapace 
using five minute epoxy gel (ITW Performance Polymers part number 21045) while the 
antenna was allowed to trail behind the animal. Care was taken when attaching devices as 
it was important that transmitters did not interfere with animal growth or behavior since 
these could significantly alter results (Boarman et al. 1998).  The epoxy remained 
relatively cool while setting and did not burn the animal onto which it was being applied.  
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Furthermore, after curing the epoxy took on a dull yellow color which blended well with 
the Box turtle’s habitat and did not appear to significantly reduce the natural camouflage 
of the animal. After application of a new device animals were held for approximately 30 
minutes allowing sufficient time for the epoxy to set. Applied in this way, transmitters 
did not seem to impede natural behavior.  Animals in the study were observed burrowing, 
moving over obstacles and mating without hindrance from the transmitter by me and 
others (Gibson 2009). 
Overwintering Ecology 
Sample size varied by year depending on the number of transmitters and iButtons 
available for use in the study. Thermal data loggers were used to record ground and 
carapace temperatures. The thermal loggers used in this study (Temperature iButton, 
model: DS1920) were deployed in the fall prior to the start of winter dormancy and were 
programmed to record temperature every three hours. Temperature loggers were attached 
to the rear vertical area of the carapace opposite to the side in which a transmitter was 
applied using the same epoxy as that used for transmitter placement. Prior to attachment 
iButtons were first coated in black plastic dip (U.S. Plastic Corp, Plasti-Dip-Aerosol) and 
were attached using epoxy (ITW Performance Polymers part number 21045).  In addition 
to attaching thermal loggers directly to turtles, I placed some in the ground to monitor 
soil temperatures.   
Two similar methods were used to monitor ground temperatures over the course 
of the study.  For both methods iButtons were first coated in the same plastic dip used to 
protect devices attached directly to monitored animals. In the fall of years 2006, 2007, 
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and 2008 iButtons were attached to wires tied to a plastic tent stake.  The data loggers 
were then pushed into the ground to depths of 0cm, 15cm and 30 cm.  During these years 
ground stations were deployed within the same area and habitat type as monitored 
animals (within 50-100 meters). In the fall of 2009 and 2010 iButtons were placed within 
one meter of overwintering turtles to monitor soil temperature. Stations were positioned 
close enough to ensure that recorded temperatures would be similar to those experienced 
by the animal, yet provide enough space to prevent disturbing the animal when the station 
was deployed.  Each station consisted of a 40 cm long, 1.9 cm diameter piece of 
polyvinyl chloride (PVC) that was covered on either end by PVC caps. These were 
buried vertically so that the iButtons could be inserted to the same depths as those used 
through 2006 and 2008. Soil from the site of an iButton station was used to fill space 
between the iButtons at each location. This was done because soil from the site of a 
station should match the thermal properties of the area in which the turtle was over-
wintering. The environmental variables studied were average air temperatures, average 
ground temperatures at the surface, average ground temperatures 15 cm below the 
surface) and shell temperatures.  All iButtons recorded temperature every 3 hours.  
Weather Data 
Minimum and maximum daily temperatures were obtained from publicly 
published NOAA reports. Most temperature sets were obtained from the nearest weather 
station (Battle Creek 5NW, index 552). However, some data from this station was 
missing in the public report.  In those cases daily temperature data was obtained from a 
second station near to the site (Gull Lake Biological, index 3504).  Both weather stations 
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are less than 10 km from the study site, with the Gull Lake station to the North, and the 
Battle Creek Station to the East. Temperatures obtained from the weather stations during 
these periods were often the same or within a few degrees.  
Determining Day of Surfacing, and Emergence 
Depth was determined by calculating the correlation between the animal and each ground 
depth (0 cm, 15 cm, and 30 cm) for each day between February 1st and April 30th. Since 
temperatures fluctuated little during January, this month was used to establish a baseline 
for comparing variation in correlation between the animal and different ground depths. 
By graphing the results of the day to day correlation of carapace temperatures with 
ground temperatures, it was possible to graphically represent the turtle’s vertical 
movements underground.   Graphs were then used to determine when animals reached the 
surfaced by identifying the date at which surface temperature correlations crossed deep 
temperature correlations.  These figures were then used in conjunction with temperature 
data and field observations to determine when animals became fully active above ground.  
Animals were determined to have emerged when animal temperatures were equal to or 
exceeded surface temperature and animal temperatures did not again begin to correlate 
more closely with deep temperatures than surface temperatures.  
Analysis 
Although data were collected for some animals in multiple years, data from only 
one year from each animal were used to avoid pseudo-replication.  For those animals in 
which multiple years was present, the most recent year from which temperature data were 
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collected was used in the analysis.  The analysis for this study was primarily performed 
using a statistical package developed as an add-on for Microsoft Excel 2010 (Addinsoft, 
XLSTAT 2012). The tests performed using XLSTAT include Kolmogorov-Smirnov, 
linear regression, and two-tailed t-tests (alpha 0.05). 
Surfacing environmental variables and shell temperatures were tested for 
normality as this is essential in using Pearson correlations.  In addition, recorded 
temperatures from the day prior to, after, and their means with the day of surfacing and 
emergence were compared in order to find the best predictor of spring behavior. 
Environmental variables and shell temperatures recorded for both surfacing and emerging 
turtles were checked for normality using a Kolmogorov-Smirrnov test (H0: the sample 
followed a normal distribution).  The test of normality was performed to test the 
assumption of normality for regression analysis which was used to test for differences in 
behavior between animals of different sex, age, and health (burned versus unburned). 
This test also produced a correlation matrix which was used in conjunction with the 
multiple regression analysis to compare these groups with environmental and shell 
temperatures during both surfacing and emergence.   
Results 
Monitored animals became inactive in late October to early November and 
usually emerged in late March through mid-April. Overwintering sites appeared to vary 
in choice of grade, slope direction, and elevation; however, all turtles chose locations 
with a significant layer of leaf litter.  
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Temperature data were collected from 47 individual turtles. Of these animals 
there were 44 adults, and 3 juveniles. It could not be determined if juvenile behavior 
differed significantly from adults because of the small juvenile sample size. Therefore, 
data for juveniles were excluded from analysis. Shell temperatures did not differ 
significantly at surfacing between adult males (n = 18, µ = 7.5 °C, σ = ±4.1 °C) and 
females (n = 26, µ =6.8 °C, σ = ±4.0 °C) (t-test: t = -0.527, df = 42, p = 0.601) or at 
emergence (males: n = 18, µ = 14.1 °C, σ = ±2.4 °C; females: n = 26, µ =14.5 °C, σ = 
±1.9 °C; t-test: t = -0.629, df = 42, p = 0.533). Additionally there was no statistical 
difference between the shell temperatures of surfacing burned (n = 12, µ = 6.1 °C, σ = 
±3.8 °C) and unburned turtles (n = 32, µ = 7.4 °C, σ = ±4.1 °C) (t-test: t = -1.074, df = 
21, p = 0.295). This was also true of emerging burned turtles (n = 12, µ = 13.9 °C, σ = 
±2.6 °C) and emerging unburned turtles (n = 32, µ = 14.3 °C, σ = ±2.1 °C) (t-test: t = -
0.531, df = 17, p = 0.602). Since there was no statistical difference between the sexes or 
health (burned or unburned) all adult turtles were included in the analysis.   
Despite the differences in sampling method, between 2007 through 2009 and 
between 2010 through 2011, environmental and carapace temperatures showed the same 
close relationship throughout the study. The similarity in results indicates that relatively 
large areas around the animals experienced similar thermal conditions. Spring 
temperatures varied between study years (Figure 1.1).  For most years temperatures 
began to increase sometime in March with considerable variation in the day and amount 
to which the environment warmed. Typically the spring had gradually increasing 
temperatures. However, in 2007 and 2011 there were unusually early warm periods 
interrupted by abrupt cold (Figure 1.1 B). Although the length and severity of the cold 
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period was greater in 2007 than in 2011, in both years ground temperatures reached or 
approached freezing temperatures after they had begun to warm.  
Dates of surfacing and emerging varied by year. Turtles surfaced: in 2007 
between March 14 and April 23; in 2008 between March 14 and April 23; in 2009 
between March 15 and April 25; in 2010 between March 13 and April 1, and in 2011 
between March 9 and March 18. No turtles ever emerged before March 31, animals 
emerged: in 2007 between April 15 and May 2; in 2008 between April 14 and April 26; 
in 2009 between April 17 and April 25; in 2010 between March 31 and April 3, and in 
2011 between April 12 and May 1. Early surfacing turtles wait for longer before 
completely emerging than turtles which surface later in the spring (linear regression: R2 = 
0.7573, Figure 1.2).  
In a typical year turtles surfaced once ground temperatures rose above freezing 
temperatures, and then emerged after some delay (Figure 1.3). This behavior was 
consistent in all years, including those in which gradual warming temperatures were 
interrupted by substantial periods of cold weather. In 2007 almost all of the animals in the 
study surfaced during the initial warm period and then emerged during the second 
sustained warm period (Figure 1.3). This behavior was also observed in 2011 when there 
was a cool, but not as severe, period during the spring thaw. 
Environmental and Shell Temperatures at Surfacing 
Shell temperatures during the day of surfacing are more closely correlated with 
deep soil temperature than surface temperature (correlation with 15 cm soil temperatures 
r = 0.792, df = 42, p < 0.001; correlation with surface soil temperatures r = 0.713, df = 
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42, p < 0.001) and are also closely correlated with average air temperatures (r = 0.858, df 
= 42, p < 0.001). Shell and soil temperatures were tested against several distribution types 
and were found to best fit a normal distribution. The variables that matched a normal 
distribution during the day of surfacing include: shell temperatures (µ = 9 °C, σ = ±5 °C, 
p = 0.416); surface ground temperatures (µ = 9 °C, σ = ±4, p = 0.110), average ground 
temperatures 15 cm below ground level (µ = 6 °C, σ = ±3, p = 0.276), and average air 
temperatures (µ = 14 °C, σ = ±5, p = 0.278).  Since shell and soil temperatures follow a 
normal distribution it is possible to use this distribution type as a model to predict when 
animals in this population will surface in the spring.   
Turtles in this population appear to begin surfacing immediately after soil 
temperatures 15 cm below ground climb above freezing temperatures with 5% of turtles 
surfacing by 1 °C and 95% of turtles surfacing by 11 °C (µ = 6 °C, σ = ±3, p = 0.276).  
Shell temperatures seem to follow a similar pattern with 5% of turtles surfacing by 1 °C 
with 95% of animals surfacing at or before reaching a shell temperature of 14 °C (µ = 9 
°C, σ = ±5 °C, p = 0.416, Figure 1.4).   
Environmental and Shell Temperatures at Emergence 
For emergence, turtle shell temperatures are most closely correlated with surface 
ground temperature (correlation r = 0.614, df = 42, p < 0.001), and correlated with deep 
soil temperature and air temperature (correlation with ground temperature at 15 cm r = 
0.441, df = 42, p < 0.001; correlation with air temperatures r = 0.512, df 42, p < 0.001). 
The distribution of shell and soil temperatures at emergence did not deviate significantly 
from normality. The variables that followed this distribution type include: average shell 
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temperatures at emergence (µ = 14 °C, σ = ±3, p = 0.697); surface ground temperatures 
(µ = 12 °C, σ = ±3, p = 0.394); average soil temperatures 15 cm below the surface (µ = 
10 °C, σ = ±2, p = 0.621); and average air temperatures (µ = 15 °C, σ = ±4, p = 0.222). 
Using the normal distribution as a model it was found that 5% of animals in the 
population begin to emerge when carapace temperatures reach 10 °C with 95% of turtles 
emerging by 18 °C.  While the normal distribution of surface ground temperatures shows 
5% of animals emerging by 9 °C with 95% of turtles emerging by 16 °C (Figure 1.5).  
Discussion 
A consistent pattern of overwintering and spring emergence behavior was 
observed in this population of turtles. Spring emergence varied by year and appeared to 
be closely related to the rate of increase of environmental temperatures. My observations 
of over-wintering behavior coincide with the work of others and are typical of this 
species throughout its range (Huey and Stevenson 1979, Grobman 1990, Harding 1997, 
Gibson 2009).  However, there are regional differences in the exact timing and length of 
dormancy, which is apparently influenced by the severity of winter that each population 
experiences (Wetmore 1920, Carpenter 1957, Congdon 1989, Harding 1997, Gibson 
2009). 
At the beginning of the inactive period animals were found in shallow excavations 
just below the leaf litter and remained in the same location until the following spring 
when the animals emerged. Over the course of winter the animals had burrowed deeper 
into the ground. Congdon (1989) described this behavior in a South Carolinian 
population but found the burrowing of T. carolina to be inconsistent. In his study several 
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individual animals were found to overwinter very close to the surface or just under a 
layer of leaf litter. In more northern climates the risk of injury or mortality from severe 
weather would make it unlikely for individuals in these populations to remain at the 
surface while over-wintering (Allard 1948, Carpenter 1957, Metcalf and Metcalf 1970, 
Dolbeer 1971, Claussen et al. 1991). It is probable that Eastern Box Turtle populations in 
the northern extent of their range consistently excavate burrows since they are more 
likely to experience potentially dangerous severe cold. Evidence of winter burrowing was 
found in consecutive years after I observed several animals next to conspicuous burrows 
that had been dug at a shallow angle into the ground. These burrows may have provided 
protection from both weather and surface disturbances.  
Evidence of winter burrowing was revealed in the analysis where strong 
correlations were found between most animals and subsurface soil temperatures. The 
analysis also showed vertical movements of turtles in their burrows during other times in 
the spring. These movements did not correspond to particular dates and did not follow 
circannual rhythms. However, they were closely correlated to environmental 
temperatures. Additional evidence of the influence of temperature on behavior was 
observed in the field as some turtles were observed near the entrance of burrows during 
warm days. This pattern of surfacing prior to fully emerging was observed between years 
despite wide-ranging spring conditions. This indicates that warmer temperatures, not a 
predefined biological clock, determined when turtles became active.   
There is not any significant effect of sex, or animal health in determining when 
surfacing and emerging occur. Spring behaviors were triggered by warming ground 
temperatures which would have a direct effect on the body temperatures of overwintering 
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turtles (Figure 1.1). Unlike air temperature, which can vary dramatically from day to day 
in temperate climates, ground temperature was more stable. Subsurface (15 cm) ground 
temperatures vary less, allowing a more precise prediction of surfacing, whereas surface 
soil temperatures were found to be the best predictor of emergence.  
Surfacing and emergence times overlapped. However, turtles that surfaced earlier 
in a year rarely emerged earlier, but rather waited longer before emerging than turtles that 
surfaced later in spring (Figure 1.2). Based on correlations with soil temperatures, some 
turtles appeared to move back down into their burrow after surfacing early. As soil 
temperatures warmed again, these turtles would return near the surface, ready to emerge 
when conditions were suitable. Thus repositioning keeps the animal safe from extreme 
conditions, while it remains in a better position to assess surface conditions. In addition 
surfacing may allow animals to begin recovering from winter dormancy without fully 
exposing themselves to potentially dangerous weather. Differences in microclimate may 
account for some of the outlying individuals observed in figure 1.1 because there was no 
statistical difference observed between the sexes, or health (burned and unburned), but 
there were differences in choice of elevation and which side of a slope turtles over-
wintered. 
Interestingly, ground temperatures at emergence had a narrower distribution than 
temperatures at which turtles surfaced (Figures 1.5 A and 1.4 A). This finding and the 
delayed emergence of turtles that surfaced early support surfacing as a preparatory step 
for emergence because turtles reposition immediately after ground temperatures begin to 
warm. The narrower range of values at emergence indicates that turtles are triggered to 
emerge under more specific environmental conditions which they await safely while 
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surfaced. Surfacing prior to emerging would reduce the risk of leaving winter burrows 
prematurely and losing ready access to a thermally safe refuge. Based on the 
inconsistency in date of surfacing and emergence, as well as the temporal variability of 
repositioning in winter burrows prior to emerging, it is clear that these are not cued by 
circannual or circadian cues. 
For managers who maintain lands in northern areas of the range of T. carolina it 
is important to account for both surfacing and emerging turtles. Surfaced turtles may be 
somewhat protected from superficial surface activities, such as fire, but would not be 
protected from activities that could potentially impact more than the first several 
centimeters of the ground, such as pressure from heavy machinery during harvesting of 
timber, tilling, or other activities. It is also important to note that turtles observed near the 
entrance, or outside of burrows early in the spring are often cool, and only semi-active.  
These animals often stayed within 1 to 5 meters of their burrow for 1 to 2 weeks after 
emerging. This seems to indicate that turtles need a substantial interval of time to recover 
full mobility after emerging in the spring and that they would be especially vulnerable 
during this time to any surface disturbance. 
It is recommended that activities that would endanger turtles be avoided during 
spring emergence. Preferably, activities that could impact turtle populations should be 
done prior to surfacing as this would minimize the risk of injury and mortality. If the 
timing of management activities does not allow for this, then managers are encouraged to 
wait until after turtles fully emerge and provide them sufficient time to recover from 
winter dormancy. Fully active turtles are more likely to be able to respond to disturbances 
than those that have just recently emerged. Although this period is a vulnerable time for 
24 
box turtles, it is an exceptionally good time for monitoring populations and for collecting 
data and specimens. Several factors contribute to my finding many animals shortly after 
they emerged. Not only do turtles move little then, but they are also exposed because 
understory vegetation is very sparse and turtles often bask in the open for long periods. 
Because illegal collection of turtles would also be facilitated during the period of 
vulnerability after emergence, managers can protect populations by allocating more effort 
into surveillance.  
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Figure 1.1. Daily average air temperatures (black dotted), soil surface temperatures 
(blue), soil temperatures 15 cm below the surface (orange), and average carapace 
temperature of all animals included in the study (red): A) 2010, a more typical year; and 
B) 2007 an atypical year in which spring temperatures warmed rapidly and were
interrupted by an extended cold period. 
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Figure 1.2. Scatter plot of the number of days between surfacing and emergence. The red 
line is a linear regression analysis of the data that shows the relationship between early 
surfacing and an increased number of days until emergence.  
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Figure 1.3. Example years of turtles surfacing (red) and emerging (blue) during spring, 
plotted with temperatures at ground level (dashed line) and at 15 cm below the surface 
(dotted). The years selected, A) 2010, and B) 2007, allow for comparison with patterns 
shown in Figure 1.3. 
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PREDICTING SPRING EMERGENCE IN A NORTHERN POPULATION OF 
EASTERN BOX TURTLES (Terrapene c. carolina) USING GROWING DEGREE 
DAYS 
Introduction 
When planning management actions, managers must account for a wide range of 
factors, including how species in the environment will react to their activities and how 
management may impact populations. Although it is often difficult to account for the 
many different effects that management can have on a system, it is important to consider 
as many impacts as possible and continue to improve management practices as new 
information becomes available (Walters 1978).  Knowledgeable decisions must be made 
in order to continue improving management strategies, especially those with broad 
ecosystem effects. To make the best decisions research must provide insight into the 
biological processes which drive species that is both scientifically sound but does not 
ignore practical experience (Roosenburg 2000). Understanding the basic biology of 
affected species can help managers to plan strategies and activities that will least impact 
those species while developing management plans that will be the most likely to benefit 
all species in an effected area over time.  
As more organizations incorporate philosophies which encompass a community 
level approach to land management, often with goals of improving species diversity, it 
becomes essential to understand the biology of as many potentially affected species as 
34 
possible.  However, with each considered species it becomes progressively more 
challenging to plan management activities especially when basic information about the 
effected species’ biology is unavailable (Walters 1978, Stanford and Poole 1996).  A 
further complicating factor is the additional planning required when multiple agencies 
and organizations are involved on a single project.  This greater complexity of 
management activities makes it increasingly important to be able to predict, or plan 
around biological events such as winter dormancy.  
Winter dormancy is an important annual event for many species that can have 
important implications for ecosystem management (Carpenter 1953, Ultsch 2006, Steen 
et al. 2007, Smith 2009). For ectotherms overwintering strategies used in temperate zones 
can represent a vital aspect of a species’ annual life history and determines when and how 
active an animal can be throughout the year (Carpenter 1953, Karmanova 1995, Harding 
1997, Voituron et al. 2002, Harvey and Weatherhead 2006, Ultsch 2006).  Winter 
dormancy is also a vulnerable time for many species.  This is particularly true of many 
reptiles which are physiologically unable to remain active during cold winter months or 
respond to disturbances which they could normally avoid during warmer months of the 
year (Huey and Stevenson 1979, Dunham 1989). Research or models that give insight 
over-wintering and spring emergence patterns can provide managers with valuable 
planning tools.  
Model organisms can provide insight into the biological processes that drive 
taxonomic groups and often form the basis for developing both management and research 
tools (Walters 1978, Starfield 1997). The Eastern Box Turtle (Terrapene carolina 
carolina) can serve as such a model since many aspects of its biology are well understood 
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and it can be responsibly studied without destroying individual animals or negatively 
impacting wild populations (Ewing 1933, 1939, Nichols 1939, Allard 1948, Stickel 1950, 
Congello 1978, Stickel 1978, Stuart and Miller 1987, Williams and Parker 1987, 
Claussen et al. 1991, Hall et al. 1999). This is important since the Eastern Box Turtle and 
many other reptiles are declining throughout the world (Harding 1997, Gibbons 2000). In 
addition, the carapace and terrestrial habitats which box turtles inhabit make it possible to 
attach equipment, such as radio transmitters and thermal loggers, with relatively little 
impact to individual animals (Boarman et al. 1998). This is often impractical to 
accomplish without invasive surgery in other ectotherms (Weatherhead and Anderka 
1984, Lichtenbelt et al. 1997, Roe et al. 2004, Smith 2009). A better understanding of the 
Eastern Box Turtle’s overwintering and emergence patterns is an important step in 
understanding the biology of this species and will likely help to understand the 
emergence patterns of other reptiles. 
Despite the availability of research into the many overwintering strategies of 
reptiles and a large body of literature available on the physiological adaptations employed 
to survive the cold (Carpenter 1953, Carpenter 1957, Burger et al. 1988, Claussen et al. 
1991, Prior and Weatherhead 1996, Kingsbury and Coppola 2000, Packard and Packard 
2001, Voituron et al. 2002, Harvey and Weatherhead 2006, Smith 2009), more general 
descriptions that define the precise timing of entering dormancy and emerging in the 
spring are generally lacking for herpetofauna.  In contrast, there is a rich collection of 
literature available to describe the growth and development of plants as many are of 
economic interest (Yang et al. 1995, McMaster and Wilhelm 1997).   
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Because shell temperatures and average soil temperatures would be difficult to 
measure in most populations of Eastern Box Turtles, perhaps growing degree days can be 
used in place of these direct measures of temperature to predict spring behavior. Growing 
degree days (GDD), have long been used to accurately predict important growth and 
development stages for a wide range of agriculturally important species (McMaster and 
Wilhelm 1997). Growing degree day calculations use the formula:  ((TMax + Tmin)/2)-TBase 
to calculate the amount of thermal energy available in a given day. Here TMax represents 
the maximum temperature for a given day, while Tmin is the minimum temperature of the 
same day. From this average TBase is subtracted, where TBase represents a biologically 
significant temperature to the organism in which GDD is being calculated. Only positive 
results from the daily calculation are used in the final summation of GDD. The sum of 
the daily GDD calculations is then used to determine the amount of GDD until a given 
event. There are several different methods by which TBase can be determined. One of the 
most common is to calculate the summation of GDD using a range of base temperatures 
and to choose the base which results in the lowest standard deviation of GDD for the 
event being described (Yang et al. 1995).  
More recently GDD have been applied to other organisms, such as fish and 
invertebrates (Neuheimer and Taggart 2007). In these studies it was found that GDD can 
provide a consistent means to predict growth, important life stages, and species 
distribution across a region (Neuheimer and Taggart 2007, Latta et al. 2008, Jessop 
2010). Since fish, invertebrates and plants are ectothermic, the amount of energy 
available to these organisms over time through their environment plays a significant role 
in their base metabolic rates and ability to carry out life activities (Atkinson 1994). Thus 
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it is reasonable that a model that describes available thermal energy over time can 
accurately predict important life stages in these organisms and likely can be applied to 
other ectotherms as well.   
In this study I describe a predictive model using growing degree days to 
determine when Eastern Box Turtles become active in spring. This chapter expands on 
previous work (described in chapter 1) that explored the thermal biology of this species 
and found a consistent range of temperatures in which turtles became active in spring. 
Growing degree days provide a way to indirectly measure thermal energy accumulated in 
the environment and thus can serve as a measure of when ectotherms become active. 
Methods 
Study Site 
The study was conducted at the Fort Custer National Guard training facility in 
southwest Michigan.  This 7,540 acre property contains roughly 5,000 acres of 
woodlands, 1,200 acres wetlands, 1,200 acres open prairie and old field.  The military 
base is enclosed entirely by a tall chain link fence which separates it from a state park to 
the north, a freeway to the south, an industrial complex to the northeast and a residential 
area to the west. The site is being actively managed in part by using controlled burns.  
The facility is closed to the general public, but is used actively by the National Guard and 
other agencies for training.   
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Method of Capture and Identification 
All T. carolina that were encountered during the study were marked for future 
identification. These turtles were captured by hand and uniquely marked using a 
triangular file to notch the marginal scutes according to a system developed by Cagle 
(1939). Since adults are sexually dimorphic it was possible to accurately sex adult 
individuals in the field using physical characteristics including eye color, position of the 
cloaca in relation to the plastron, and whether or not the plastron was concaved (Harding 
1997). Animals were considered to be juvenile if they had fewer than 10 annuli (Hall et 
al. 1999) and lacked complete secondary sexual characteristics.   
Radio Telemetry 
Radio telemetry was used to track movements of individual animals using a radio 
receiver (R-1000 Telemetry Receiver, Communications Specialists, Inc.) and RI-2BT 
radio transmitters (Holohil Systems Ltd.). Transmitters were attached to the rear of the 
carapace using five minute epoxy gel (ITW Performance Polymers part number 21045) 
while the antenna was allowed to trail behind the animal. Care was taken when attaching 
devices as it was important that transmitters did not interfere with animal growth or 
behavior since these could significantly alter results (Boarman et al. 1998).  The epoxy 
remained relatively cool while setting and did not burn the animal onto which it was been 
applied.  Furthermore, after curing the epoxy took on a dull yellow color which blended 
well with the Box turtle’s habitat and did not appear to significantly reduce the natural 
camouflage of the animal. After application of a new device animals were held for 
approximately 30 minutes allowing sufficient time for the epoxy to set. Applied in this 
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way, transmitters did not seem to impede natural behavior.  Animals in the study were 
observed burrowing, moving over obstacles and mating without hindrance from the 
transmitter by me and others (Gibson 2009). 
Overwintering Ecology 
Sample size varied by year depending on the number of transmitters and iButtons 
available for use in the study. Thermal data loggers were used to record ground and 
carapace temperatures. The thermal loggers used in this study (Temperature iButton, 
model: DS1920) and were deployed in the fall prior to the start of winter dormancy. 
Loggers were programmed to record temperature every three hours. Temperature loggers 
were attached to the rear vertical area of the carapace opposite to the side in which a 
transmitter was applied using the same epoxy as that used for transmitter placement. Prior 
to attachment iButtons were first coated in black plastic dip (U.S. Plastic Corp, Plasti-
Dip-Aerosol) and were attached using epoxy (ITW Performance Polymers part number 
21045).  In addition to attaching thermal loggers directly to turtles, ground stations were 
used to monitor soil temperatures.   
Weather Data 
Minimum and maximum daily temperatures were obtained from publicly 
published NOAA reports. Most temperature sets were obtained from the nearest weather 
station (Battle Creek 5NW, index 552). However, some data from this station was 
missing in the public report.  In those cases daily temperature data was obtained from a 
second station near to the site (Gull Lake Biological, index 3504).  Both weather stations 
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are less than 10 km from the study site, with the Gull Lake station to the North, and the 
Battle Creek Station to the East. Temperatures obtained from the weather stations during 
these periods were often the same or within a few degrees.   
Analysis 
Although data were collected for some animals in multiple years, data from only 
one year from each animal was used to avoid pseudo-replication.  For those animals in 
which multiple years was present the most recent year from which temperature data were 
collected was used in the analysis.  The analysis for this study was primarily performed 
using a statistical package developed as an add-on for Microsoft Excel 2010 (Addinsoft, 
XLSTAT 2012). The tests performed using XLSTAT include Kolmogorov-Smirnov, 
linear regression, and two-tailed t-tests (alpha 0.05). The analysis used environmental 
variables (average air temperatures, average ground temperatures at the surface and, 
average ground temperatures 15 cm below the surface) shell temperatures as well as field 
observations to determine when turtles surfaced and emerged (Chapter 1). Surfacing and 
emergence dates were used to calculate GDD accrued during the day of surfacing or 
emergence, as well as, the summation of GDD from January until the day in which an 
animal surfaced or emerged.   
Once surfacing and emergence dates were determined the number of Growing 
Degree Days (GDD) until each event was calculated using climatological data gathered 
from weather stations.  Base temperatures between 0 and 15 °C were tested against all 
years and animals to: find a base that produced the most stable predictive value; minimize 
the number of animals that emerged or surfaced prior to the accumulation of GDD; and 
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had the lowest variation. The distributions of GDD summations until both surfacing and 
emergence were then used to determine when Eastern Box Turtles are most likely to 
surface and when they become fully active (emerged).  Accrued GDD during the day of 
surfacing, and accumulated GDD since January of each year were also checked for 
normality using a Kolmogorov-Smirnov test. A Kolmogorov-Smirnov test was also used 
to check accumulated GDD at surfacing against an exponential distribution. This was 
done to assess the utility of a normal distribution as a predictive model for this 
population. Predictive models at each base were then compared against all years to 
determine whether the model was reliable.  
Results 
Temperature data were collected from 47 individual turtles. Of these animals 
there were 44 adults, and 3 juveniles. It could not be determined if juvenile behavior 
differed significantly from adults because of the small juvenile sample size. Therefore, 
data for juveniles were excluded from analysis. Shell temperatures did not differ 
significantly at surfacing between adult males (n = 18, µ = 7.5 °C, σ = ±4.1 °C) and 
females (n = 26, µ =6.8 °C, σ = ±4.0 °C) (t-test: t = -0.527, df = 42, p = 0.601) or at 
emergence (males: n = 18, µ = 14.1 °C, σ = ±2.4 °C; females: n = 26, µ =14.5 °C, σ = 
±1.9 °C; t-test: t = -0.629, df = 42, p = 0.533). Additionally there was no statistical 
difference between the shell temperatures of surfacing burned (n = 12, µ = 6.1 °C, σ = 
±3.8 °C) and unburned turtles (n = 32, µ = 7.4 °C, σ = ±4.1 °C) (t-test: t = -1.074, df = 
21, p = 0.295). This was also true of emerging burned turtles (n = 12, µ = 13.9 °C, σ = 
±2.6 °C) and emerging unburned turtles (n = 32, µ = 14.3 °C, σ = ±2.1 °C) (t-test: t = -
42 
0.531, df = 17, p = 0.602). Since there was no statistical difference between the sexes or 
health (burned or unburned) all adult turtles were included in the analysis.   
A base temperature of 5 °C was used in the final analysis for surfacing turtles and 
12 °C for emergence (Appendix, and Figure 2.1). These base temperatures were used 
since they produced results with the least variance while minimizing the number of 
turtles that surfaced or emerged before any accumulation of GDD. Many turtles surfaced 
during the first accumulation of GDD coinciding with the initial warm periods observed 
in spring. The accumulated number of GDD at emergence was consistent in most years; 
however, more GDD were accumulated for many emerging turtles in 2007 than in other 
years. The rate at which growing degree days (GDD) accumulated varied by year (Figure 
2.2 and Figure 2.3).  
Growing Degree Days at Surfacing 
Accrued growing degrees (GD) at surfacing appears to follow a normal 
distribution (µ = 9, σ = ±5, D = 0.129, p = 0.433), while accumulated GDD from January 
does not follow a normal distribution (µ = 58, σ = ±46, p = 0.023).  However, 
accumulated GDD at surfacing did fit an exponential distribution (Kolmogorov-Smirnov: 
µ = 45, σ = ±40, D = 0.139 p-value = 0.337). Growing degrees (GD) accrued during the 
day of surfacing (Figure 2.4 A) followed a normal distribution with turtles beginning to 
surface when growing degrees begin to accrue. The exponential model of surfacing 
shows that Box Turtles begin to surface once GDD begin to accumulate with 90% of 
animals surfacing by 110 GDD (Figure 2.5 A). 
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Growing Degree Days at Emergence 
A base temperature of 12 °C was used to predict emergence. Base temperatures 
beyond 15 °C resulted in many turtles emerging prior to the accumulation of any GDD. 
The distribution of accumulated GDD at emergence passed a Kolmogorov-Smirnov test 
against a normal distribution (µ = 22.0, σ = ±13.5, D = 0.183 p = 0.092).  Using the 
normal distribution as a model to predict emergence, 10% of turtles should emerge by the 
accumulation of 5 GDD and 90% of turtles should emerging by 42 GDD (Figure 2.5 B). 
In all years but 2007, most turtles emerged within the predicted range (Table 2.1). 
Because of the extended period of cold an adjusted calculation of GDD is provided which 
starts the accumulation of GDD at the end of the cold period. For recalculated data for 
which the start of GDD accumulation occurred at the end of the cold period, the turtles 
emerge as predicted (“Adjusted” column Table 2.1). 
Since a base temperature of 5 °C was found to have the lowest variance for 
calculating surfacing, accumulated GDD until emergence using the same base is reported 
here for comparison. Using a base temperature of 5 °C the GD accrued during the day of 
emergence (Figure 2.4 B) follows a normal distribution (µ = 11, σ = ±6, D = 0.161p = 
0.185) as does accumulated GDD from January to the day of emergence (µ = 110, σ = 
±35, D = 0.120, p = 0.519).  For emerging turtles, the normal distribution model of 
accrued growing degrees during the day of emergence predicts that 5% of turtles emerged 
during days of at least 5 GD accrued and 95% of turtles emerging by the time 16 GD are 
accrued in a single day. At this base temperature (5 °C), 10% of turtles emerge by the 
accumulation of 66 GDD and 90% emerge by 154 GDD (Table 2.1). 
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Discussion 
Turtles surfaced quickly after the initial accumulation of growing degree days, but 
did not emerge until a sufficient amount of thermal energy was accumulated.  
Interestingly, turtles began to move within and outside burrows within a very similar 
range of accrued growing degrees during the day of surfacing (1 and 15 GD, base 
temperature 5 °C) and during the day of emergence (5 and 16 GD, base temperature 5 
°C). It appears that this range of accumulation has an important effect on ground 
temperatures, and thus can influence the carapace temperature of underground turtles 
(Figure 2.2). This finding supports the use of growing degree days as a means to predict 
surfacing and emergence without measuring soil and shell temperatures directly. 
Furthermore, both base temperatures of 5 °C and 12 °C seem to provide an accurate 
prediction of when turtles emerge in spring (Table 2.1 and Figure 2.3). This provides the 
opportunity to use the same base temperature to determine when turtles will surface or 
emerge. However, the predictions of both base temperatures were improved significantly 
for 2007 after an adjustment was applied to account for the extended cold period that 
occurred after spring temperatures had begun to warm.   
The year 2007 is of note since the spring was interrupted by a cold period in 
which growing degree days did not accumulate for 15 days and daily low temperatures 
fell below freezing (Figure 2.2 B). Prior to the cold period turtles most likely would have 
emerged during the predicted period but instead burrowed back into the ground when 
temperatures dropped below freezing. The extended period of cold would have been long 
enough to effect ground temperatures. This suggests that if temperatures fall below 
freezing for an extended period of time animals must once again warm to become active. 
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Thus it would be reasonable to adjust the calculation of GDD after a significant period of 
cold since the environment lost thermal energy it had accumulated. It is important to note 
that the animals appeared to remain near the surface of the ground thus they should still 
be considered to have surfaced during the cool period.  
In addition to accounting for cool periods, the rate at which animals surface and 
emerge is important for planning spring activities which could potentially impact turtles. 
Accumulated GDD at surfacing matched an exponential distribution while GDD at 
emergence followed a normal distribution. Both of these distribution types were used 
respectively to describe the spring behavior of box turtles. Matching surfacing and 
emergence to different distributions provides information about the rate at which these 
two events occur. The described distributions allow for the determination of when a 
typical animal should surface and emerge.  It also allows for determining if surface 
activities will impact all or part of a population which is important when population 
impacts cannot be avoided entirely.   
There are opportunities for further research to test if the models presented here 
can apply to other populations of box turtles, and potentially to other species. By using 
growing degree days it is likely possible to develop models which can accurately predict 
the emergence of other ectotherms from over-wintering refuges. Box turtles have a close 
connection to ground temperatures while over-wintering since they rely on thermal 
energy available in their environment (Huey and Stevenson 1979, Congdon et al. 1989, 
Grobman 1990). This same relationship is likely true for other ectotherms which seek 
refuge from winter by utilizing underground structures (Carpenter 1953, Burger et al. 
1988, Blouin-Demers et al. 2000, Kingsbury and Coppola 2000, Smith 2009). Growing 
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degree days present the opportunity to develop an inexpensive, but accurate model to 
predict when ectotherms emerge in spring. By developing this approach to include other 
species researchers and managers could potentially better conserve species and more 
efficiently dedicate organizational resources.    
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Table 2.1. Dates and accumulation of Growing Degree Days at emergence. An adjusted 
column is provided for 2007 since the spring thaw was interrupted by an extended period 
of freezing temperatures.  Using accumulated GDD (base  12 °C) to predict emergence 
10% of turtles would emerge by the accumulation of 5 GDD and 90% of turtles by 42 
GDD. Using a base of 5 °C 10% of turtles emerge by the accumulation of 66 GDD with 
90% of turtles emerging by 154 GDD.
GDD GDD
Date n % (Base 12 °C) Adjusted (Base 5 °C) Adjusted
15-Apr 1 4% 34 0 141 1
16-Apr 1 7% 34 0 142 2
19-Apr 2 14% 36 2 159 19
23-Apr 1 18% 53 19 205 65
24-Apr 13 64% 55 21 214 74
25-Apr 3 75% 57 23 223 83
27-Apr 1 79% 57 23 234 94
28-Apr 4 93% 59 25 242 102
29-Apr 1 96% 62 28 253 113
2-May 1 100% 75 41 286 146
14-Apr 1 4% 3 50
16-Apr 1 7% 6 62
17-Apr 5 26% 11 74
18-Apr 3 37% 18 88
19-Apr 4 52% 24 101
20-Apr 4 67% 29 113
21-Apr 2 74% 35 126
22-Apr 3 85% 41 139
25-Apr 2 93% 64 182
26-Apr 2 100% 68 194
17-Apr 1 11% 1 86
22-Apr 1 22% 7 111
23-Apr 4 67% 7 114
25-Apr 3 100% 28 149
31-Mar 1 10% 3 54
1-Apr 3 40% 10 68
2-Apr 5 90% 19 84
3-Apr 1 100% 21 93
12-Apr 1 6% 12 69
23-Apr 4 29% 14 86
24-Apr 2 41% 14 93
27-Apr 5 71% 18 118
28-Apr 1 76% 18 119
29-Apr 1 82% 18 123
1-May 3 100% 22 139
2007
2008
2009
2010
2011
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Figure 2.1. Cumulative distribution of accumulated growing degree days at both 
surfacing and emergence. From left to right are plots of accumulated GDD at base 
temperatures (°C) of 20, 15, 12, 10, 5, and 0. 
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Figure 2.2. Daily average air temperatures (green), soil surface temperatures (blue), soil 
temperatures 15 cm below the surface (yellow), and accumulated growing degree days 
(dashed red, GDD Base 5 °C; dotted red, GDD Base 12 °C). A) 2009, a more typical year 
in which temperatures increased gradually. B) 2007 an atypical year in which spring 
temperatures warmed rapidly and were interrupted by an extended cold period. 
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Figure 2.3. Example years of turtles surfacing (red) and emerging (blue) during spring, 
plotted with accumulated growing degree days (base 5 °C, dashed line; base 12 °C, 
dotted line). The years selected, A) 2009, and B) 2007, allow for comparison with 
patterns shown in Figure 2.2.  
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Figure 2.4. Example years of turtles surfacing (red) and emerging (blue) during spring, 
plotted with growing degrees accumulated in a single day (base 5 °C, dashed line; base 
12 °C, dotted line). The years selected, A) 2009, and B) 2007, allow for comparison with 
patterns shown in Figures 2.2 and 2.3.  
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Figure 2.5. Cumulative distribution of surfacing and emerging turtles at base 
temperatures which have the least amount of variance while limiting the number of 
turtles that surface or emerge prior to the accumulation of GDD.  Black is the actual 
distribution while red depicts the modeled distribution. A) Exponential distribution of 
turtles surfacing using a base temperature of 5 °C. B) Normal distribution of turtles 
emerging using a base temperature of 12 °C.   
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CONCLUSIONS 
It is possible to accurately determine when Eastern Box Turtles become active in 
spring by monitoring soil temperatures, or by calculating growing degree days. These 
measures of thermal energy in the environment were able to consistently describe when 
turtles became active and are better determinates of behavior than date alone. In addition, 
turtles in this population were found to become active in two stages. The first stage, 
surfacing, was characterized by approaching the entrance of burrows but not committing 
to leave winter refuges. Once conditions were suitable, turtles then emerged and stayed 
active above ground. The difference between surfacing and emerging is important to 
consider as turtles likely become vulnerable to anthropomorphic activities prior to 
becoming fully active and readily visible.  
Although surfacing works well as a behavior to avoid potentially dangerous 
weather it does not necessarily give animals a rapid means of escape. Even after 
emerging, box turtles appear to be only partially active for one to two weeks. This may be 
due to a combination of factors including low spring temperatures, and a requirement to 
recover from a long period of inactivity. Since the animals have a reduced ability to 
respond, they are particularly vulnerable to disturbances during this period in the season. 
Thus it is strongly recommended to avoid activities that would alter habitats in upland 
forests during spring emergence. If upland forest management cannot be performed prior 
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to spring emergence, activities should be minimized until the turtles emerge and have an 
opportunity to recover from winter dormancy.  
There are opportunities for further research that assess the viability of using 
growing degree days to predict spring emergence, and possibly other behavioral events. 
Growing degree days provide a means of measuring available thermal energy in the 
environment over time. This can provide a significant advantage over measuring 
temperature alone, as temperature only defines the amount of thermal energy available at 
the moment it is measured. In addition, growing degree models are relatively simple, and 
could provide a cost effective means to develop predictive tools to be used with other 
species. In particular, models that determine when rare or threatened species become 
active would be valuable for conservation as a large number of animals could be 
protected by planning around important biological events.  
Examples of species or groups that could benefit include salamander migrations 
to breeding ponds (Sexton et al. 1990, Harding 1997, Windmiller and Calhoun 2008), 
snake emergence from overwintering sites (Kingsbury and Coppola 2000, Smith 2009), 
and the emergence of other species of turtle (Ultsch 2006, Steen et al. 2007). Growing 
degree days may also be useful for predicting when animals become active that allow 
most or parts of their body to freeze overwinter, (Voituron et al. 2002) as a thawing 
ectotherm is likely to accumulate thermal energy parallel to the rate at which its 
environment warms. They may also be useful for predicting when the eggs of 
herpetofauna will hatch since incubation is principally dependent on available thermal 
energy in the environment (Dodge 1978, Burger et al. 1987, Packard 1994). These are 
only a few examples of behaviors that could potentially be described using GDD. 
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Growing degree days have the potential be applied in many different aspects of 
herpetofaunal biology because they continuously interact with their thermal environment.
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APPENDIX
APPENDIX 
Example calculations of growing degree days (GDD), averages and standard deviations at surfacing and emergence using different 
base temperatures between 0 and 20 °C. Also shown are the number of turtles which would appear to surface or emerge prior to 
the accumulation of GDD using the indicated base.  
     
Base Temperature (°C) 
 
Base Temperature (°C) 
Turtle Sex Age Health Surfaced 0 5 10 12 15 20 Emerged 0 5 10 12 15 20 
A Female Adult Unburned 3/17/2011 69 18 4 2 0 0 5/1/2011 356 139 41 22 5 0 
B Female Adult Burned 3/18/2011 80 24 4 2 0 0 5/1/2011 356 139 41 22 5 0 
C Female Adult Unburned 3/17/2011 69 18 4 2 0 0 4/29/2011 330 123 35 18 5 0 
D Female Adult Unburned 3/9/2011 38 7 0 0 0 0 4/27/2011 314 118 35 18 5 0 
E Male Adult Burned 3/16/2011 56 9 0 0 0 0 4/27/2011 314 118 35 18 5 0 
F Female Adult Unburned 3/16/2011 56 9 0 0 0 0 4/27/2011 314 118 35 18 5 0 
G Female Adult Burned 3/17/2011 69 18 4 2 0 0 4/27/2011 314 118 35 18 5 0 
H Female Adult Unburned 3/17/2011 69 18 4 2 0 0 4/27/2011 314 118 35 18 5 0 
I Male Adult Burned 3/17/2011 69 18 4 2 0 0 4/24/2011 275 93 26 14 5 0 
J Female Adult Unburned 3/13/2011 46 7 0 0 0 0 4/23/2011 263 86 24 14 5 0 
K Male Adult Burned 3/16/2011 56 9 0 0 0 0 4/23/2011 263 86 24 14 5 0 61
L Female Adult Burned 3/16/2011 56 9 0 0 0 0 4/23/2011 263 86 24 14 5 0 
M Male Adult Unburned 3/17/2011 69 18 4 2 0 0 4/23/2011 263 86 24 14 5 0 
N Female Adult Burned 3/17/2011 69 18 4 2 0 0 4/12/2011 198 69 21 12 5 0 
O Male Adult Burned 3/13/2010 55 20 3 0 0 0 4/3/2010 221 93 34 21 10 1 
P Female Adult Unburned 3/12/2010 48 18 3 0 0 0 4/1/2010 186 68 19 10 4 0 
Q Male Adult Unburned 4/1/2010 186 68 19 10 4 0 4/1/2010 186 68 19 10 4 0 
R Male Adult Unburned 4/18/2009 300 95 16 3 0 0 4/25/2009 388 149 46 28 16 5 
S Male Adult Burned 4/16/2009 274 79 10 1 0 0 4/17/2009 286 86 12 1 0 0 
T Male Adult Burned 3/30/2008 41 0 0 0 0 0 4/26/2008 364 194 95 68 32 1 
U Female Adult Unburned 4/18/2008 218 88 29 18 6 0 4/26/2008 364 194 95 68 32 1 
V Male Adult Unburned 4/18/2008 218 88 29 18 6 0 4/22/2008 289 139 60 41 18 0 
W Male Adult Unburned 4/20/2008 253 113 44 29 11 0 4/22/2008 289 139 60 41 18 0 
X Male Adult Burned 4/21/2008 271 126 52 35 14 0 4/22/2008 289 139 60 41 18 0 
Y Male Adult Unburned 4/19/2008 236 101 37 24 9 0 4/21/2008 271 126 52 35 14 0 
Z Female Adult Unburned 4/19/2008 236 101 37 24 9 0 4/21/2008 271 126 52 35 14 0 
AA Male Adult Unburned 3/27/2008 37 0 0 0 0 0 4/20/2008 253 113 44 29 11 0 
AB Female Adult Unburned 4/19/2008 236 101 37 24 9 0 4/20/2008 253 113 44 29 11 0 62
AC Female Adult Unburned 4/19/2008 236 101 37 24 9 0 4/20/2008 253 113 44 29 11 0 
AD Female Adult Unburned 4/7/2008 104 26 3 1 0 0 4/19/2008 236 101 37 24 9 0 
AE Male Adult Unburned 4/7/2008 104 26 3 1 0 0 4/19/2008 236 101 37 24 9 0 
AF Female Adult Unburned 4/17/2008 199 74 20 11 2 0 4/19/2008 236 101 37 24 9 0 
AG Female Adult Unburned 4/18/2008 218 88 29 18 6 0 4/19/2008 236 101 37 24 9 0 
AH Female Adult Unburned 4/16/2008 182 62 13 6 0 0 4/18/2008 218 88 29 18 6 0 
AI Female Adult Unburned 4/17/2008 199 74 20 11 2 0 4/18/2008 218 88 29 18 6 0 
AJ Female Adult Unburned 3/14/2008 21 0 0 0 0 0 4/17/2008 199 74 20 11 2 0 
AK Male Adult Unburned 3/31/2008 50 4 0 0 0 0 4/17/2008 199 74 20 11 2 0 
AL Female Adult Unburned 3/31/2008 50 4 0 0 0 0 4/17/2008 199 74 20 11 2 0 
AM Male Adult Unburned 4/11/2008 142 46 8 3 0 0 4/17/2008 199 74 20 11 2 0 
AN Female Adult Unburned 4/16/2008 182 62 13 6 0 0 4/17/2008 199 74 20 11 2 0 
AO Female Adult Unburned 4/9/2008 125 37 4 1 0 0 4/16/2008 182 62 13 6 0 0 
AP Male Adult Burned 3/25/2007 122 52 22 10 2 0 4/24/2007 236 101 37 24 9 0 
AQ Female Adult Unburned 4/4/2007 259 139 59 34 14 1 4/24/2007 402 214 92 55 23 1 
AR Female Adult Unburned 3/27/2007 163 83 42 26 12 1 4/16/2007 291 142 59 34 14 1 
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Average 133 47 14 8 3 0 268 110 38 23 9 0 
 
Standard Deviation 84 40 16 11 4 0 57 34 20 14 7 1 
Number of Turtles Emerging Before 
the Accumulation of GDD 
0 3 11 16 29 44 0 0 0 0 2 42 
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